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ABSTRACT 


With the advent of wearable sensors and internet of things (loT), there is a new 
focus on electronics which can be bent so that they can be worn or mounted on 
non-planar objects. Due to large volume (billions of devices), there is a 
requirement that the cost is extremely low, to the extent that they become 
disposable. The flexible and low-cost aspects can be addressed through additive 
manufacturing technologies such as inkjet, screen and 3D printing. This talk 
introduces additive manufacturing as an emerging technique to realize low cost, 
flexible and wearable wireless communication and sensing systems. The ability to 
print electronics on unconventional mediums such as plastics, papers, and textiles 
has opened up a plethora of new applications. In this talk, various innovative 
antenna and sensor designs will be shown which have been realized through 
additive manufacturing. A multilayer process will be presented where dielectrics 
are also printed in addition to the metallic parts, thus demonstrating fully printed 
components. Many new functional inks and their use in tunable and reconfigurable 
components will be shown. In the end, many system level examples of wireless 
sensing applications will be shown. The promising results of these designs indicate 
that the day when electronics can be printed like newspapers and magazines 
through roll-to-roll and reel-to-reel printing is not far away. 


Index Terms: loT, SoC, Lens, Flexible antenna, 3D-printing, Wireless Sensing 
system, Additive Manufacturing 
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IMPLANTABLE WIRELESS EYE 
PRESSURE MONITORING SOC 


Eye Introcular pressure monitoring 
(IOPM)is important for glaucoma 
patients 

e Current devices require the patients to 
do the IOPM in clinics with an eye 
specialist 

e. An on-demand IOPM that can be 
implanted inside anterior chamber of 
eye and can send data to the reader 
on-demand is an ideal solution for 
high risk patients 

e Extremely small size (« 1.5 mm?) for 
minimal invasive surgery 

e Communication from inside the eye — — 
vitreous humor is very lossy for RF is 
frequencies — 

e Ultra low power budget (< 1 mW) 
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VCO AND ON-CHIP ANTENNAS 
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2mm x 3mm hole in Duroid PCB 
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"5.2-GHz RF Power Harvesting Module in 0.18 um CMOS for Biomedical Implantable Sensors," /EEE 
Transactions on Microwave Theory and Techniques, vol. 61, No. 5, pp. 2177-2184, May 2013. 


"On-chip implantable antennas for wireless power and data transfer in a glaucoma monitoring SoC," /EEE 
Antennas and Wireless Propagation Letters (AWPL), vol.11, pp. 1671-1674, February 2013 
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Fresnel Lens 


LENS INTEGRATION 





Array gain ^ 9 dB as compared to a 
single element gain of ^ 5 dB 
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reduce size 9 
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A. Shamim, Ghaffar, et.al, "Gain enhanced LTCC system-on-package for UMRR 
applications", US Patent 8860607, issued Oct 14, 2014. 


F. A. Ghaffar, A. Shamim, et.al, “24 GHz LTCC Fractal Antenna Array SoP with Integrated 
Fresnel Lens", /EEE Antennas and Wireless Propagation Letter, vol. 10, no. 10, pp. 705- 708, 
July 2011. 16 
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FLEXIBLE AND CONFORMAL 


ELECTRONICS 


Suitable for Low Cost and Large Volume Electronics 


RFID 
e In 2009, the RFID market 
grew to $5.56 billion, having 
almost tripled in five years 


e lt is expected that the market 
for passive RFID tags will 
grow to over $10 billion in 
sales by 2020 





Internet of Things (loT) 
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honds free temperature monitoring 


СҺ аг) T P 





Thin film NFC 
Open Sense 
supports 
Insoles — thin 2mm applications 
insoles with 20 fighting 
sensors for product 
accurate diversion, 
measurement of counterfeiting, 
and 
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the foot * b MEN (authorize 
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INK) ET PRINTING 


Traditional Manufacturing 
subtractive 
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substrate 
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Inkjet Printing 
(Additive) 


e Ideal for low-cost and large area electronic 
systems 

e Nano-particle based inks and improved 
conductivities 

e Additive process 

e Printing is compatible with flexible substrates 
and roll-to-roll processing 

e Eventual goal is to print electronics like 
newspapers (roll to roll) 
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Metal Nanoparticles Sintering 


capping agent oven heating, microwave, 


solvents nanoparticles photonic, flash-light/IR 
solvents evaporation decomposition of 
p | à capping agent 
=> QODU 
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nanoparticles 





Conductivity (10% S/m) 
ГА 


|. Wet ink on the substrate 
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CIRCUITS ON CELLULOSE 


PAPER ELECTRONICS COULD PAVE THE WAY TO A 
NEW GENERATION OF CHEAP, FLEXIBLE GADGETS 
BY ANDREW J. STECKL 





ePaper can bring the cost 
down to one tenth of the 
price of the plastic films 


e Inkjet printing on paper, 


can bring cost savings 
through roll-to-roll mass 
manufacturing 

ePaper is light weight, 
environmentally friendly 


(biodegradable) and comes 
from a renewable source 
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INK) ET PRINTING CHARACTERIZATION 


The conductivity of inkjet printed structures 
depends on* 

e Number of printed layers 

• Sintering temperature and duration 

e Substrate properties 

e Ink properties 








* These tables are specific to paper substrates and silver nano particles ink 





Value 


Minimum gap 20 um 


Minimum trace width 20 um 


Trace thickness 0.5 um/layer 
Conductivity (5 1.2e/ S/m 
layers) 


With new Super Inkjet Printer, feature 
sizes up to 1 micron can be printed 27 





LASER SINTERING 


Laser Sintering 


e Attractive on substrates 
which cannot handle high 
heating temperatures 

e Localized heating of 
nanoparticles 


e Faster than heat sintering 
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Heat Sintering Temperature 
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FRACTAL UWB MONOPOLE DESIGN 


Design frequency: 3.1 — 10.6 GHz 8 5 


+ .27 


Demonstrated that fractals increase BW 
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Fractal concept applied to a UWB monopole 


e Added benefit: Ink reduction 
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"Inkjet Printing of Novel Wideband and High Gain Antennas on Low-Cost Paper Substrate," /EEE 
Transactions on Antennas & Propagation, vol.60, no.9, pp.4148 - 4156, September 2012. 30 
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Н. Aboutarboush, et.al, “Inkjet-Printed Wideband Antenna on Resin-Coated Paper Substrate for Curved og 
Wireless Devices," /EEE Antenna and Wireless Propagation Letters (AWPL), 2015, 15, 20. 
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140°C, 4 hrs. 
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B. Cook, A. Shamim, "Utilizing Wideband AMC Structures for High Gain Inkjet-Printed Antennas on Lossy Paper 
substrate," /EEE Antennas and Wireless Propagation Letters (AWPL), Mar 2013. 





SUBSTRATE INTEGRATED WAVEGUIDE 
(SIW) STRUCTURES 


Poly(methyl methacrylate) (PMMA), 
which is Known as plexiglass or acrylic 


e Straight via hole drilled on 1mm 
thick PMMA using CO, laser, 
e Ink printed does not stick well on the 





(1) Laser drilling: top (11) Drilled via hole: top straig ht wal Is 
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(v) Inkjet printing & sintering (vi) Fabricated stepped via hole 
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Microstrip to SIW Transition 


The measured resistances of the via arrays 
were 3.7 X for the 20 vias and 7.2 Q for the 
40 vias. The average resistance of the 


each inkjet-printed stepped via was about 
0.20 


Resistance (2) 





5 10 15 20 25 30 35 40 


Magnitude (dB) 


-=+ [S4]|: Simulation 
— |54|: Simulation 


eee |5,,|: Measurement 


15; |: Measurement 





Frequency (GHz) 


“Fabrication of Fully Ink-jet Printed Vias and SIW Structures on Thick Polymer Substrates", /EEE 
Transactions on Components, Packaging and Manufacturing Technology (TCPMT), Jan 2016. 
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INK) ET PRINTED SUBSTRATE 
INTEGRATED WAVEGUIDE ISOLATOR 








Ferrite waveguide isolator 8.3 gm, 
Metal Waveguide 55 gm. 
Reduction in weight 85 % 





Isolator is used to isolate one port from 
another, e.g. between TX and RX 


Inkjet printed waveguide through printing of all 
four walls on a magnetic substrate 


Extremely light weight and Very high isolation 
figure of merit (> 50 dB) 





Student Paper finalist in IEEE IMS conference (Florida, 2014) 
Fabricated isolator with sidewall highlighte 


M. Farooqui, A. Nafe, A.Shamim, "Inkjet Printed Ferrite-Filled Rectangular Waveguide X-Band 
Isolator," IEEE International Microwave Symposium (IMS), Tampa, Fl, USA, June 2014 37 








WEARABLE REAL TIME LOCATING 
SYSTEMS (RTLS) 


For tracking lost children, pets 
Inkjet printed RTLS TAG on 
paper 

Operates outdoors and 
indoors(GPS, GSM and WIFI 
Tracking) 


" GPS "me. 
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Internet Service Provider E Central Server 
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A. Shamim, A. Bilal, R.M. Farooqui, M.F. and Cheema, H. “Printed Tag Real- 


Time Tracking", US Patent 13/799,272, Issued Jun 2015. 
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B. Krykpayev, A. Shamim, "A Wearable Tracking Device Inkjet-Printed on Textile", in Elsevier 
Microelectronics Journal, May 2017. 
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Additively manufactured 
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> Each antenna for one direction 


FULLY INK) ET PRINTED COMPONENTS 


Inkjet printed PVP dielectric 
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G. McKerricher, J. Gonzalez, and A. Shamim "Fully Inkjet Printed RF Inductors and Capacitors 
using Polymer Dielectric and Silver Conductive Ink with Through Vias", /EEE Transactions on 


Electron Devices (TED), vol.62, no.3, pp.1002-1009, March 2015. 
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FULLY 3D ІМК) ЕТ PRINTED FILTER 
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ve \ FERE N N Cure printing of dielectric and 
smoothing \ | ; | 
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dielectric to work in 2D 
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Silver ink for 80 deg C 
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G. McKerricher, M. Vaseem and A. Shamim, “Fully Inkjet-Printed Microwave Passive 
Electronics” Nature Microsystems and Nanoengineering MICRONANO-00233R, 2016. 41 





Solid substrate Antenna 35 gm MNT 
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3D Printed Light-weight Slot Antenna 
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WIRELESS SENSING 
SYSTEMS 





WATER-FRACTION SENSOR ON PIPE SURFACE FOR 
OIL INDUSTRY (FUNDED BY ARAMCO) 
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3D-PRINTED DISPOSABLE WIRELESS SENSORS FOR 
ENVIRONMENTAL MONITORING 
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FLEXIBLE TAG DESIGN FOR WIRELESS MARINE DATA ACQUISITION 
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